epilithic biofilm as a homogeneous food resource, benthic consumers may feed selectively (Arsuffi and Suberkropp 1985; Lodge 2006) or differentially assimilate various biofilm components (Wotton 1994) . Evidence from whole-stream 15 N additions has shown that some grazers become more isotopically enriched than any of their food resources (e.g., Mulholland et al. 2000; Rezanka and Hershey 2003) , indicating that these taxa are primarily feeding on a more-enriched component of this bulk food resource. Accurately measuring food resource quality is essential in understanding consumers' rates of growth and nutrient recycling (Sterner and Elser 2002) . However, despite the importance of epilithic biofilm in many aquatic food webs, quantifying the elemental composition of different components of this complex food resource remains a challenge.
As an alternative to reporting elemental composition of bulk biofilm samples, physical separation is a major step toward distinguishing between the characteristics of different biofilm components. Hamilton et al. (2005) developed a promising method for density fractionation in colloidal silica, which separates samples into lighter (predominantly algal) and heavier (predominantly detrital) components. However, samples with higher-density algae (e.g., diatoms) may not separate cleanly from detritus that is similar in density (e.g., McNeely et al. 2007) , effectively limiting the utility of this method.
Here, as a complementary approach to physical methods of biofilm separation, we explore the potential of using linear mixing models to estimate nutrient composition of biofilm components. Mixing models have been used extensively in the geosciences and more recently in stable isotope ecology (e.g., Fry 2006) . Frost et al. (2005) used a simple mixing model to show that carbon:phosphorus (C:P) ratios in biofilm can be determined largely by the C:P ratio of algal cells, even when algae constitute a small fraction of total biofilm mass. Here, we apply an inverse mixing model approach to address the problem of estimating nutrient content of algal and nonalgal biofilm fractions. Instead of using known characteristics of end-members to estimate the relative composition (as in isotope mixing models), this application uses known values of the relative contributions of end members (based on measurements of ash-free dry mass and algal biomass) to estimate the elemental composition of each end member.
This approach is based on two central assumptions:
(1) A given component of a biofilm sample (e.g., algae, nonalgal organic matter, or sediment) has uniform stoichiometric properties among multiple samples within a given stream reach. (2) Therefore, variation in stoichiometric properties among multiple samples within a stream is due to differences in algal content and total organic matter content. Whereas these assumptions are unlikely to hold strictly true (e.g., different algal species may vary in elemental composition due to differences in optimal nutrient ratios and polysaccharide production, and variation within individual cells within a species can result from differences in cell age, metabolism, and physiology), this assumption of elemental uniformity is applied only among replicate samples collected within a given reach, where such deviation may be minimized. The resulting mixing model produces estimates of the mean elemental composition of each biofilm component within that reach, so violations of these assumptions result in larger variance associated with these means. Our purpose here is to evaluate whether a simple model that utilizes measurements that are commonly made by investigators can be used to extract additional information quantifying nutrient composition of algal and non-algal components of biofilm. Because this method relies on extrapolation, a large range in the relative composition among replicate samples is required to produce well-constrained estimates of nutrient content for each end-member.
We present a two-compartment mixing model, which estimates biofilm P content from organic and inorganic components, as well as a three-compartment mixing model, which provides separate estimates of the P content of algal and nonalgal organic material in addition to inorganic material. We implement this approach using a dataset of biofilm stoichiometry from a natural P-gradient in streams in lowland Costa Rica. We evaluate the model results by comparing them with results from the density fractionation method.
Two-compartment mixing model
The P-content (%P by dry mass) of organic and inorganic components of biofilm can be estimated using the equation: (1) where %P composite is the measured P-content of a composite biofilm sample, % sed and %org are the fractions of inorganic sediment and organic material, respectively, in the biofilm sample (as determined by % ash-free dry mass [AFDM] ), %P sed is the P-content of inorganic sediment (relative to dry mass), and %P org is the P-content of organic material (relative to dry mass) within biofilm. For this analysis, each sample from a given site requires measurements of %sed (= 100 -%AFDM), %org (= %AFDM), and %P for the composite sample. As described above, we assume that %P sed and %P org do not vary among samples from a given stream reach. The effect of inorganic material associated with biota (e.g., silica in diatom frustules) on calculated values is addressed below.
To solve for the unknown variables %P sed and %P org , regression analysis can be used to examine a possible relationship between % organic matter and composite sample %P. Extrapolating to 0% organic matter (i.e., pure inorganic sediment) and 100% organic matter (i.e., sediment-free biofilm) provides predictions of the P-content (and 95% confidence intervals) for these end-members. While regression analysis is typically used to examine relationships between an independent and dependent variable, in this application, regression is used to generate estimates and confidence intervals of the two endmembers. A nonsignificant P value indicates that the two end-
Small et al. Partitioning components of biofilm members are similar in magnitude (see example models in Web Appendix 1. One potential drawback of this mixing-model approach is that it can produce negative estimates of %P for one of the end members, which, of course, is a physical impossibility. For such estimates, when 95% confidence intervals include zero, we recommend setting that end member to zero to avoid inflating the predicted value for the other end member. For cases in which the model generates a negative estimate for which the 95% confidence interval does not include zero, a linear model would not be appropriate for that dataset.
Three-compartment mixing model
The organic component of biofilm samples can be further divided into algal and non-algal material if algal biomass is quantified. Although chlorophyll is often used as in indicator of algal biomass (Steinman et al. 2006) , chlorophyll:C ratios of algae are highly variable (Frost et al. 2005) , limiting the value of chlorophyll in this approach. Where diatoms compose the bulk of algal biomass in biofilm samples, total algal C can be estimated from algal biovolume measurements, using a conversion factor of 0.145 mg C mm -3 (Hessen et al. 2003 ; note that we assume this value for pelagic diatoms also applies to benthic diatoms). To estimate the contribution of algal cells to the total biomass of the organic component of biofilm, the algal C value is then divided by the measured total C for the bulk biofilm sample (based on the assumption that the %C of algal cells is equal to the %C of the overall organic component of biofilm). The contribution of algae to the total biofilm dry mass (including associated inorganic matter) is then calculated by multiplying the above term by the %org for the sample.
A three-compartment mixing model can then be used to estimate biofilm P-content of inorganic, algal, and non-algal organic fractions using the following equation: (2) where %P composite is the measured P-content of the composite biofilm sample, and %sed, %alg, and %org are the fractions of biofilm mass composed by inorganic sediment, algal cells, and non-algal organic matter, respectively. Non-algal organic matter is assumed to be the difference between calculated algal biomass and total organic matter in each sample: %org = 100 -(%sed + %alg).
The three unknown variables, %P sed , %P alg , and %P org can be estimated using multiple regression, with measured variables %alg and %sed used as independent variables, and %P composite as the dependant variable. %P, along with associated confidence intervals, can then be estimated for each end member (pure inorganic sediment = 100% sed, 0% alg; pure algae = 0% sed, 100% alg; pure nonalgal organic material = 0% sed, 0% alg; see example models in Web Appendix 1).
Applying the biofilm mixing-model

Background
La Selva Biological Station, on the Caribbean slope of lowland Costa Rica, has been the focus of numerous studies in tropical stream ecology and biogeochemistry because of its unique geomorphological landscape features (e.g., Pringle and Triska 1991; Rosemond et al. 2002; Ramírez and Pringle 2006; Triska et al. 2006) . Some streams at La Selva receive groundwater inputs containing elevated levels of P and other solutes (Pringle et al. 1993; Genereux et al. 2009 ). These streams range in soluble reactive phosphorus (SRP) from 2-150 µg L -1 and low-solute streams are P-limited, for both heterotrophic processes (e.g., microbial respiration, Ramírez et al. 2003 ; organic matter decomposition, Rosemond et al. 2002) and primary production in light-gaps (Pringle and Triska 1991) . Due to low light levels as a result of the forest canopy, diatoms compose > 90% of algal biomass in these study sites.
In these study streams, the P-content of epilithic biofilm increases 5-fold with increasing stream P levels across the natural P-gradient, leading to a 2-fold enrichment in P-content of invertebrate consumers (Small and Pringle 2010) . Biofilm Pcontent increased from 0.1 %P (by dry weight) to 0.5 %P (Fig. 1) , exceeding values reported from other nutrient-rich streams (e.g., Stelzer and Lamberti 2001; Cross et al. 2003; Bowman et al. 2005 ). However, how P is partitioned among different components of the biofilm could have important implications for its bioavailability. For example, biofilm samples contain large amounts of inorganic sediment (mean across all sites: 77 ± 1% by dry weight). Abiotic P-sorption is an important process in these streams, which are characterized by fine, clay-rich sediment (e.g., Triska et al. 2006) , and Psorption to sediment was shown to be a significant long-term P sink during an 8-y experimental P-addition to a naturally low-P stream (Small et al. 2008) . Therefore, abiotic P-sorption could account for much of the elevated P-content in biofilm samples, potentially overestimating the amount of P available to benthic grazers. Within the biotic component of biofilm, Penrichment of the composite sample could be caused by higher P-content of algal cells (due to luxury P-consumption: Rhee 1972; Klausmeier et al. 2008 ), P-enriched polysaccharide excretions outside algal cells (Noe et al. 2003) , or by higher concentrations of P-rich bacteria within the biofilm (Sterner and Elser 2002) . Using natural variability among replicate samples within streams to partition the P-content of these various components of biofilm could lead to a more ecologically relevant understanding of how this important food resource responds to high levels of dissolved P.
Materials and procedures
In March and June 2006, biofilm samples were collected in seven streams that range naturally in soluble reactive phosphorus (SRP) from 2-151 µg L -1
. At each sampling date, four replicate samples were collected from ceramic tiles and from natural substrata (described in Small and Pringle 2010) . Each biofilm sample was transferred to a clean beaker and diluted to a known volume. While stirring, three subsamples (40-100 mL) were filtered onto pre-combusted and pre-weighed Whatman glass fiber filters (0.7 µm pore size). One filter was dried at 60°C for 24 h, weighed to nearest 0.1 mg, combusted at 500°C for 2 h, and reweighed to determine ash-free dry mass. The second filter was placed in an aluminum foil pouch and frozen for later analysis of chlorophyll a. Chl a was measured on a Turner Designs model 10-AU fluorometer (Turner Designs) using standard methods (APHA 1998). A third filter was dried for later carbon and phosphorus analysis. This filter was subsampled using a hole-punch, and corrected for filter weight using holes punched from blank filters. Carbon content of biofilm was measured using a Carlo Erba NA 1500 CHN analyzer (Carlo Erba). For P-analysis, samples were aciddigested (Aqua Regia double acid; Jones et al. 1991 ) and analyzed spectrophotometrically (ascorbic acid method). Ground pine needles (US National Institute of Standards and Technology, 1575a) were used as external standards for P-analyses.
Because previous work had shown highly elevated biofilm P-content in the high-P Arboleda-30 site (Small and Pringle 2010) , we collected additional data from this site to better understand how P was partitioned in these samples. We collected a 5 mL subsample for diatom identification and cell biovolume calculation from each biofilm sample collected. A minimum of 300 valves were enumerated and identified along transects on microscope slide coverslips using a Zeiss Universal research microscope (Carl Zeiss) with brightfield immersion optics at 1250×. Identifiable valve fragments along each transect were categorized by size relative to whole valves and mathematically reconstituted to whole-valve units and fractions. We calculated the biovolume for each taxon by measuring dimensions of 10 cells and using published geometric equations (Hillebrand et al. 1999) .
As an independent check on algal P-content, in June 2006, we used the density-fractionation method described by Hamilton et al. (2005) to compare P-content of heavy and light fractions (after centrifuging in colloidal silica) from the seven study streams across the natural P-gradient. Due to the small amount of material recovered from light fractions, replicate samples were pooled for analysis (n = 1 for each of the seven study sites). Each heavy and light fraction was subsampled and analyzed for AFDM, chl a, and nutrient content as described above.
For each of the seven study streams for which biofilm Pcontent is available, we estimated the %P of organic and inorganic fractions using the two-compartment mixing model described above. Regressions were performed using SAS (SAS Institute 2001). We then used the results of the 2-compartment mixing model to test for a relationship between stream SRP and %P of each of the biofilm components, also using regression analysis.
Assessment
Across our seven study streams, estimated %P of the organic fraction ranged from 0.04% to 3.68%, and increased with stream SRP (P = 0.001, R 2 = 0.82, Fig. 2A ). In contrast, estimated %P of the inorganic fraction remained negligible even at high SRP concentrations (Fig. 2B) . Estimates of %P sed ranged from -0.24% to 0.22%, and confidence intervals for %P sed for five of the seven streams included zero. Although two of the seven estimates for inorganic fraction %P sed were negative, 95% confidence intervals included 0 for both of these streams, and the model was recalculated setting these two values to zero to avoid inflating estimates of %P org (Table 1 ).
The mixing model estimates of organic and inorganic Pcontent were generally supported by results of density fractionation by centrifuge. Light fractions had higher mean organic matter content (34 ± 9%) relative to the heavy fractions (15 ± 1%). Both heavy and light fractions had similar Pcontent (all below 0.2 %P, relative to dry mass), except for in the high-P Arboleda-30 site, where the light fraction was 1.04 %P compared to 0.28 %P for the heavy fraction (Fig. 3) .
From the two-compartment mixing model, we can conclude that P-enrichment measured in composite biofilm samples does not appear to be due to P sorbed to associated inorganic sediment. Furthermore, results suggest that the actual P-content of sediment-free biofilm in the high-P streams may be 10-fold higher than values measured based on composite samples (i.e., with 75% inorganic sediment by dry weight). In the Arboleda (SRP = 151 µgL -1 ), composite biofilm samples had a mean %P of 0.32, compared with the estimated P-content of 3.68% for the organic fraction. We note that a small fraction of the "inorganic sediment" in our analysis is composed of diatomaceous silica (see "Discussion" below). Nevertheless, these results indicate that, in high-P streams, failing to
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Partitioning components of biofilm correct for inorganic sediment in biofilm samples could lead to a substantial underestimate of the actual P-content of this food resource, when measured as % by mass.
Three-compartment mixing model
The two-compartment model above showed that biofilm in the high-P Arboleda stream has a highly P-enriched organic fraction (Fig. 4) . We applied a three-compartment mixing model to determine whether this additional P occurs in the algal or nonalgal components of the organic fraction. Because diatoms comprise the bulk of the overall algal cells in these samples, we estimated algal biomass using algal biovolume measurements for each replicate sample for this stream. We used data from eight biofilm samples from natural substrate and ceramic tiles collected in this stream in March 2006 (bulk sample %P, AFDM, and algal biomass) to solve for the three unknown parameters (%P sed , %P alg , and %P org ) using multiple regression analysis.
The resulting model has an r 2 value of 0.80 (Fig. 5A ). Estimated %P alg is 22.88 ± 17.11 (estimate ± 95% C.I.), compared inorganic end-members of biofilm (±95% CI) versus stream soluble reactive phosphorus (SRP) in the seven study streams. The estimated P-content of the organic component of biofilm increases with increasing dissolved P-levels (R 2 = 0.82, P = 0.001), while the P-content of inorganic sediment associated with these samples is negligible across all study streams. Table 1 . Estimates of P-content (as %P by dry weight) of organic and inorganic content in biofilm samples from seven stream sites that vary widely in soluble reactive phosphorus (SRP) due to differential inputs of high-solute groundwater. Each site name includes a number indicating approximate elevation (m above sea level). The model produced negative estimates of %P sed for two sites (Arboleda-30 and Sura-60). Because 95% confidence intervals for these estimates included zero, %P sed was set at zero for these two sites (shown in bold) to produce new estimates of %P org for these sites. with much lower estimates for %P sed of -0.76 ± 0.69 and for %P org of 3.74 ± 5.41 (Table 2 ). This analysis indicates that algal cells have higher P-content than other components of this biofilm, although we note that 95% confidence intervals are overlapping for algae and nonalgal organic matter. The large uncertainty associated with estimated %P alg is due to the fact that extrapolation is most severe in this dimension (Fig. 5B) , due to the relatively low algal biomass in all samples. Because the inorganic fraction is the largest component of biofilm mass, the negative estimate for %P sed inflates the estimated P-content of algae. Forcing the P-content of inorganic sediment to be zero (model r 2 = 0.75) yields estimates of 18.65 ± 23.28 for %P alg and -1.15 ± 4.27 for % P org (Table 2) . Finally, forcing the P-content of both inorganic sediment and nonalgal organic matter equal to zero (i.e., assuming all biofilm P is contained in algal biomass) yields an estimated %P alg of 12.68 ± 6.88 (model r 2 = 0.73; Table 2 ). Our estimates of algal P-content are likely further inflated due to the fact that much of diatom dry mass is composed of silica (Lund 1965) , which, in our analysis, is attributed to inorganic sediment (i.e., estimates of algal %P reflect metabolic biomass of algal cells). If we add the silica mass (assumed to be 60%; Lund 1965) back to the algal compartment, the estimated algal P-content becomes 5.07 %P, similar to reported values of algal cells grown in high-nutrient conditions (~5 %P; Nielson et al. 1996) . Regardless of whether diatomaceous silica is considered to be algal biomass or inorganic sediment, results from this mixing model strongly suggest that the high biofilm P-content from the high-P Arboleda stream is almost entirely due to P-enriched algae, rather than to P sorbed to inorganic sediment or to high concentrations of P-rich bacteria. Even though algal cells compose only 1-3% of the mass of biofilm samples, our results suggest that algal cells may account for nearly 100% of the measured P. Results from the three-compartment mixing model are independently supported by the positive relationship between biofilm %P and chl a:C ratio for these eight replicate samples (R 2 = 0.57, P = 0.03, Fig. 6 ), which indicates that increasing biofilm P-content is associated with increases in chl a content. This analysis also shows that biofilm collected from tiles had a higher P-content than biofilm collected from natural substrate, and that biofilm from tiles alone show no relationship between algal contribution and bulk sample %P.
Discussion
Through the use of algebraic mixing models to analyze an epilithic biofilm dataset, we determined that the high P-content of epilithic biofilm in a highly P-enriched stream in Costa Rica was due to P-enriched algal cells rather than other organic material or inorganic sediment. Our results indicate that it is possible to use inherent variability among replicate samples to tease apart the qualitative characteristics of various components of biofilm.
Results derived from this approach are a coarse approximation, as they depend on extrapolation and multiple assumptions. Precision in these estimates is highly dependent on the degree of heterogeneity among replicate samples. Errors in measuring independent (AFDM, chl a, algal biovolume) and dependent (%P) variables influence the resulting estimates. Also important is our assumption that a given component of biofilm at a given sampling site and date has similar elemental composition among replicate samples. While this assumption could be violated due to local heterogeneity in flow or substrata (indicated by lack of fit in the regressions), our estimates should not be biased by random variation in these values (i.e., this method estimates site-specific mean values for the elemental composition of each component, and a violation of the underlying assumptions would result in higher variation around this mean). It is necessary to know what mechanisms drive variation in P-content in all biofilm components, as well as in sediment, to spatially and temporally delimit the sampling regime, so future development of this method should focus on examining biofilm heterogeneity at different spatial and temporal scales. Finally, our linear mixing model approach assumes no interactions in nutrient content between different components of a biofilm, but the importance of nutrient exchange between bacteria and algae within a biofilm may be dependent on stream nutrient levels (Scott et al. 2008) , potentially adding complexity to these relationships. Despite these limitations, the mixing model approach presented here allows additional information to be extracted from readily available data to address ecologically relevant questions. We see this algebraic method as complementary to methods of physical separation such as centrifugation or other methods that have been used to estimate qualitative characteristics of pure algae within bulk samples (Marty and Planas 2008) .
Measuring the quality of food resources is an important task for ecologists, and the question of how empirical analyses of food resources correspond to the actual food resources ingested and assimilated by consumers merits further exploration. Although the case study presented here focused on partitioning biofilm P content, the same approach could be used to partition isotopic signatures of biofilm components. Also, given the importance of allochthonous organic matter in food webs in many forested streams (e.g., Vannote et al. 1980; Wallace et al. 1997) , a similar mixing model approach may be useful in separating the isotopic and nutrient content of various detrital components (e.g., terrestrial plant material, fungal Table 2 . Estimates of P-content (%P by dry weight) for algae, non-algal organic matter, and inorganic sediment, from the high-P Arboleda-30 site. In the first model, solutions to the 3-compartment mixing model are shown. In the second model, %P of inorganic sediment is fixed at zero (shown in bold), since the model produced a negative estimate of %P sed . In the third model, P-content of both non-algal organic matter and inorganic sediment are fixed at 0 (i.e., all P is assumed to be in algal cells). . Relationship between epilithic biofilm P-content (relative to dry mass) and relative algal contribution to biofilm biomass, measured as chl a:C (Rbiomass, bacterial biomass) in leaf packs and sedimentary environments. Application of this inverse mixing model approach should be empirically tested when applied to any system, but the general concept is applicable to the problem of partitioning qualitative components of any heterogeneous mixture, as long as the underlying assumptions are met. Dealing with heterogeneous food resources remains a challenge in food web studies, but our hope is that the approach presented here may help elucidate some of the qualities of the various components of these resources and allow for an improved understanding of trophic interactions.
